Abstract. A model of active transport of monovalent cations in mitochondria is developed. The model is based on the coupling of electron transfer to the generation of a metastable protein conformation which in turn leads to the generation of an asymmetric surface charge, a membrane potential, and a redistribution of diffusible ions across the inner mitochondrial membrane. The ions at all times move spontaneously down an electrochemical potential gradient in this model so that there is no need to invoke the concept of an ion pump. It is shown that a wide variety of experimental facts can be rationalized in terms of the present model.
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In seeking an explanation for active transport, two mutually exclusive alternatives present themselves-either the ions move spontaneously down an electrochemical potential gradient or they do not. Whereas many investigators in the field of active transport believe that ions are pumped against an electrochemical potential gradient, the model we will present involves no ion pumps but only the spontaneous movement of ions down an electrochemical potential gradient.
We will consider only one active transport system, the mitochondrion, and we will consider only monovalent cation translocation in the mitochondrion. Even for this special case we cannot yet claim to have a complete explanation of active transport. Yet certain fundamental points have emerged with very great clarity, and it is these points that we would like to present to you today. Fig. 1 is a schematic representation of the mitochondrion. It consists of two membranes, an inner and an outer membrane, each of which forms a closed surface. Active transport in the mitochondrion consists of coupling either electron transfer or ATP hydrolysis to the flow of ions from the outside of the inner membrane to the inside or matrix space. The increased concentration of ions in the inside space is accompanied by a flow of water across the membrane and an increase in volume or swelling of the inside space in order to prevent a significant increase in internal osmotic pressure.
In Fig. 2 is shown the trace of a potassium electrode in a solution containing mitochondria and 6 m1l\ potassium acetate. Upon initiation of electron transfer by the addition of succinate, the potassium concentration of the external solution decreases as the potassium is being actively concentrated by the mitochondrion. When steady state is attained, the ratio of the potassium concentrations, inside to out, is approximately 80:1. Upon the addition of a respiratory inhibitor, such as antimycin, or an uncoupler of oxidative phosphorylation, there is an efflux of potassium out of the mitochon-CM drion back into solution, confirming that the concentration of potassium by the IBM mitochondrion is indeed an energy-requiring process.
This experiment illustrates a very in--C M teresting effect. Far more potassium is concentrated by the mitochondrion when a trace amount of the antibiotic valinomycin is included in the reaction mixture than when it is not. In Table  1 are given the amounts of potassium concentrated with and without valinomycin.
With only 2 X 10-1" mol What is valinomycin, and how does it cristal space. work? In Fig. 3 is shown a model of the valinomycin molecule. It is a cyclic polypeptide with six oxygen atoms on the inside of the ring, arranged in octahedral symmetry. This cyclic molecule can form a complex with an alkali metal ion. The size of the ring is such that valinomycin exhibits specificity for potassium, rubidium, and cesium as opposed to sodium and lithium. It has two conformations, a closed one shown here, and an open one such that it can accept or release an ion. The exterior is mostly hydrophobic so that the ion-valinomycin complex tends to be soluble in an However, explaining the mechanism by which these ionophores facilitate the movement of ions across biological membranes does not explain how they induce active transport. Some have proposed that the ionophores participate in the operation of a cation pump. This would presumably involve the inversion of a binding site from one side of the membrane to the other. Some have proposed that the ionophores participate in some manner in the operation of an ion pump.
However, there are a large number of factors that argue against this hypothesis.
In Table 3 are listed a set of facts on ionophores that bear upon this question. The first three points relate to the properties already discussed i.e., the partitioning and facilitated transport. The established capacity of valinomycin to increase the permeability of the inner mitochondrial membrane opposes its hypothesized capacity to participate in the operation of an ion pump, for the ions will tend to leak back out as they are pumped in against an electrochemical potential gradient. The more valinomycin that is added, the more readily would they tend to leak out. However, the fact is that the more valinomycin that is added, the more potassium that is concentrated. The fourth point is that a number of ionophores can induce active transport in the mitochondrion. One would expect that if an ion pump required for its operation the presence of an ionophore there would be a stereospecific requirement such that only one and not several different ionophores could fulfill this function.
The fifth point is that the ionophores of microbiological origin are not endogenous to the mitochondrion. Thus under normal physiological conditions the mitochondrion never sees these ionophores. There is therefore, no physiological rationale why the mitochondrion should have an ion pump which requires for its operation an ionophore of microbiological origin.
The sixth point is that the ionophores need to be present only in catalytic amounts to have their effect, for instance less than one valinomycin molecule per 104 tripartite repeating units. The tripartite repeating unit is the functional unit of the inner mitochondrial membrane and there would supposedly be at least one ion pump per tripartite repeating unit.
The seventh point is that there is variable stoichiometry between the numler of ions moved per oxygen atom absorbed or per molecule of ATP hydrolyzed. For example, as one varies the valinomycin from zero to 80 ng/mg protein, the initial number of potassium ions moved per oxygen atom varies from 0.6 to 9.5. Note that more potassiums are moved per oxygen atom as the membrane becomes more permeable.
Finally, the mitochondrion can concentrate several hundred nanomoles of potassium per mg protein even without any added ionophore if the external salt concentration is increased from a few millimolar to 0.1 M. Thus, the ionophores cannot be essential for active transport in the mitochondrion.
None of these arguments is in itself rigorous or conclusive, yet they all point to the same conclusion-that whatever the mechanism by which the ionophores induce active transport in the mitochondrion, there are no cation pumps in the mitochondrion.
What are the consequences of rejecting the hypothesis of ion pumps? First, if there are no ion pumps, the ions must be spontaneously moving down an electrochemical potential gradient under -conditions of active transport. Note that this is completely in accord with the experimentally established capacity of the ionophores to facilitate the movement of ions across the inner mitochondrial membrane. Second, since the ions are moving against a large concentration gradient, there must be a compensating electrical potential gradient, negative inside, generated under active transport conditions. We are, therefore, forced to the corollary that a membrane potential is generated under active transport conditions simply as a consequence of our conclusion that there are no ion pumps in the mitochondrion. This argument based on the rejection of the hypothesis of ion pumps is our first argument for a membrane potential. Now let us consider a second aspect of this problem which confirms this conclusion. We mentioned that in 0.1 M potassium acetate, the mitochondrion can concentrate several hundred nanomoles of potassium per mg protein without any ionophore. In Table 4 is shown Tl1, of '"Rb in 0.1 M rubidium acetate for respiring and nonrespiring mitochondria. This is a measurement of the time of isotopic exchange under steady state conditions, i.e., no net movement of ions and water across the membrane. We see that the permeability is essentially the same under both respiring and nonrespiring conditions. I Now let us consider a different situation involving a net flux of ions and water across the membrane. In Table 5 is shown the initial flux of potassium across the inner mitochondrial membrane under these same two conditions. We should note that the transport properties of potassium and rubidium are essentially identical in mitochondria. We see there is a 35-fold increase in the ion influx under respiring as opposed to nonrespiring conditions. In Table 4 it was shown that the permeability is essentially constant so that only a large difference in the driving force could account for the large difference in the flux, i.e., there must be generated a difference in the electrochemical potential on the two sides of the membrane under respiring con4co ---ditions. Thus, again we are forced to the conclusion, by a second, completely indepen-120 dent argument, that a membrane potential 00 is generated under the energizing conditions kK+ TOTAL required for active transport.
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Let us now consider a third aspect of this 'A \problem, the anion requirement of cation + 600 translocation. In Fig. 4 What is the origin of this specificity for weak acid anions in cation translocation? Specificity implies binding. This means that weak-acid anions could be bound under energizing conditions, whereas strong-acid anions could not be bound.
Can we pursue this further, and say where the weak-acid anions are bound? The fact that cation translocation leads to swelling implies that the osmotically active ions are on the inside of the inner mitochondrial membrane. Since the cation concentration is anion-dependent, and since electroneutrality requires an equal number of positive and negative charges on the inside, we conclude that the weak-acid anions must also be on the inside and must, therefore, be bound on the inner surface of the inner membrane.
What are the implications of binding anions on the inner surface of the inner mitochondrial membrane? In Fig. 6 is presented a schematic representation of the mitochondrion as two aqueous solutions separated by a semipermeable membrane. Side 1 denotes the inside of the inner membrane, side 2 the outside, and the semipermeable membrane is the inner mitochondrial membrane. Here R-designates the concentration of impermeant negative charge (which for simplicity we assume stands only for the concentration of bound anions), y + z , and x the concentration of salt on the outside. Assuming, for simplicity, unit activity coefficients for the diffusible species, we obtain the familiar equations of the Donnan equilibrium for the ratio of the concentrations of cations in to cations out or anions out to diffusible anions in. Because of the fixed charge, a membrane potential is also generated whose magnitude is given by the bottom equation in Fig. 6 .
We can now see the implications of the anion requirement for cation translocation. The specificity for weak-acid anions implies that they are bound sitespecifically. The increased osmotic activity of the inner space and the requirement of electroneutrality implies that the weak-acid anions are bound on the inner surface of the inner membrane. Finally, the asymmetric generation of bound surface charge produces a membrane potential and an asymmetric distribution of diffusible ions across the membrane. The key ideas here are the asymmetric binding of weak-acid anions and the consequent asymmetric distribution of diffusible ions.
Let us explore further the implications of this model. We note from the equation for the ion ratio in Fig. 6 that for r >> 1, as in the present case, both the concentration of cations and the total concentration of anions in the inside space are approximately equal to the concentration of bound anions. Binding all of the anions concentrated during active transport would appear to greatly exceed any reasonable estimate of the number of binding sites available in the mitochondrion. This fact alone indicates that the quasi-equilibrium model being developed here can at best provide only a partial rationalization of what is intrinsically a nonequilibrium phenomenon. Nonetheless, it is instructive to pursue this line of reasoning further.
If predominantly one, singly ionized anionic species is bound, electroneutrality requires that the ratio of cation concentration to total anion concentration be approximately unity. This assumes of course, that the anions, as well as the cations, are monovalent. We see from Table 6 that under energizing conditions the ratio of potassium to phosphate is indeed essentially unity in the inside space.
This result may appear somewhat surprising at first since the external pH is 6.5, and under these conditions the second pK of phosphoric acid is in the neigh- borhood of 7.0, so that the second dissociable hydrogen of phosphoric acid would be partially ionized. However, if the proposed mechanism is correct, the concentration ratio of all permeant cations must be approximately the same as that of potassium, which is of the order of 100:1. Assuming a mechanism for the equilibration of protons and/or hydroxyl ions across the membrane under these conditions, this would imply a drop of approximately two pH units across the membrane. Thus the phosphate ion in the inside space would be only singly ionized, and the potassium: phosphate ratio should be unity, as is observed. These results in a potassium phosphate medium lend further support to the model proposed here. We have noted from the equation for the ion ratio in Fig. 6 that for r >> 1 the concentration of diffusible anions in the inside space must be much less than either the concentration of cations or the concentration of bound anions. The present model would, therefore, predict that if a nonbonding anion, such as chloride, were present in a medium containing an alkali metal-weak-acid salt, then an efflux of the nonbonding anion should accompany the influx of the cation and weak acid anion during active transport. The results of such an experiment are shown in Fig. 7 . We see that the efflux of chloride almost uptakes I 1mi exactly parallels the influx of potassium. The net amount of either ion transported across the membrane equals the difference between the product of the concentration and the volume before and after induction of active transport. The initial concentrations of both ions on the inside are assumed to be similar, but whereas the concentration of potassium is greatly increased, the concentration of chloride is greatly decreased upon induction of active transport. Thus the net movement of chloride should be very small relative to that of the potassium, as is observed. It appears that the only viable explanation for the movement of the chloride is the generation of a membrane potential, negative inside, under active transport conditions.
We therefore conclude from a wide variety of completely independent arguments that a membrane potential is generated under active transport conditions and that it is the driving force for cation transport. The mechanism of generating the membrane potential is the asymmetric binding of weak-acid anions that occurs under energizing conditions.
Having established this conclusion, we must now ask the central question: How can the free energy released by electron transport be coupled to the generation of a membrane potential, or more specifically to increased binding of weakacid anions? It is well known that the conformation of a protein greatly affects its affinity for small ions and molecules. The cooperative binding of oxygen by hemoglobin is one well-known example. We now see how the conformational model can very simply rationalize the increased binding of weak-acid anions under energizing conditions. Electron transfer is coupled to the generation of a metastable protein conformation, and the metastable protein conformation has a greatly increased affinity for weak-acid anions.
We can now tie everything together. In Table 7 is a summary of the confor- We should emphasize that the schematic summary in Table 7 is not meant to indicate the chronological sequence of events-it is not a kinetic scheme. All of these events take place simultaneously until steady state is attained, at which point the net flux of ions and water across the membrane is zero. Even at steady state, however, the metastable protein conformations are continually relaxing and requiring regeneration. Thus there is a constant need for an energy input even at steady state. Finally, we wish to mention that the model presented here is basically an attempt to focus attention on certain key experimental facts that appear to us to point the way to the final solution. We have used the terms Donnan equilibrium and fixed-charge in describing this system, but this is really an oversimplification for there is really a kinetic dimension to this model not present in a simple fixedcharge, Donnan-type system. The implications of this kinetic aspect of the model have yet to be fully developed. In particular, we do not yet understand the consequences of coupling the absorption and desorption of the anions to the generation and relaxation of the metastable conformation.
In conclusion, although we do not yet have a complete explanation for monovalent cation transport in the mitochondrion, two fundamental points have emerged with great clarity: (1) There are no cation pumps in the mitochondrion, but rather the cations diffuse spontaneously across the membrane. (2) The driving force for monovalent cation transport arises from the conformationally determined binding of weak acid anions. We feel that these two points must form an integral part of any successful theory of active transport in the mitochondrion. *This work was supported in part by training grant GM-88 and Program Project Grant GM-12847 from the National Institute of General Medical Sciences (USPHS) and also NGL5O-002-001 of the National Aeronautics and Space Administration.
' We might note here that this result further confirms our conclusion that there are no ion pumps in the mitochondrion, for if there were, Ti,, would be much less for respiring than for nonrespiring mitochondria.
